Abstract: Visible light communication (VLC) is emerging as a promising technique to provide ubiquitous wireless connection. In this paper, a multiuser VLC system utilizing multiple-input multiple-output (MIMO) orthogonal frequency-division multiplexing (OFDM) is investigated. Since the distances of the multiple transmitter-receiver links are different, their temporal delays are also different, resulting in complex channel gain and phase differences when transformed to the frequency domain. For each subcarrier in OFDM, the corresponding precoding matrix is calculated in the frequency domain to eliminate multiuser interference. Phase information in the frequency domain is first considered, where complex, instead of real, channel matrices are used for precoding, which reduces the channel correlation and achieves better performance. Moreover, minimum dc bias, unified dc bias, and asymmetrically clipped optical OFDM-based schemes are proposed to generate real-valued nonnegative signals for intensity modulation, and their performances are validated via simulations with zero forcing and minimum mean-squared error (MMSE) precoding techniques.
Introduction
In recent years, visible light communication (VLC) has attracted increasing attention from both academia and industry since it has many advantages, such as wide unregulated bandwidth, high security, and low cost [1] , [2] . It has been considered as a promising complementary technique to traditional radio frequency (RF) communications in fifth-generation (5G) and beyond wireless communications, especially in indoor applications [3] , [4] . In indoor VLC systems, lightemitting diodes (LEDs) for illumination are used for data transmission at the same time, which is energy efficient. For low cost implementation, VLC systems typically utilize intensity modulation with direct detection (IM/DD), where the information is conveyed through the intensity of LEDs and detected by photodiodes (PDs) at the receiver.
Despite the fact that visible light spectrum is as wide as several terahertz, the bandwidth of offthe-shelf LED is limited, which makes it very challenging to achieve high data rate transmission [5] . Meanwhile, in order to provide sufficient illumination, multiple LED units are usually installed in a single room [6] . Therefore, multiple-input multiple-output (MIMO) techniques can be naturally employed in indoor VLC systems to boost the data rate, and various optical MIMO techniques have been investigated in [7] . Recently, multiuser MIMO (MU-MIMO) has been studied for VLC systems and several precoding schemes have been proposed, which are different from conventional RF systems since only real-valued nonnegative signals can be transmitted [8] - [11] . In [8] , the performances of zero forcing and dirty paper coding schemes are compared for indoor VLC broadcasting system. An optimal linear precoding transmitter is derived based on the minimum mean-squared error (MMSE) criterion in [9] , while block diagonalization precoding algorithm is investigated in [10] . However, indoor VLC channels are typically highly correlated since there is no phase information and line-of-sight (LOS) scenario is mostly considered, which is unfavorable for the application of MIMO techniques and degrades the performance [12] . As a spectrally efficient modulation approach, optical orthogonal frequency-division multiplexing (OFDM) is intensively utilized in VLC systems and up to Gbps point-to-point data transmissions have been reported [13] - [17] . MIMO-OFDM is a popular technique in RF systems in order to support multiuser service and provide high data rate transmission [18] , [19] , however it has rarely been studied in VLC systems. In [20] , a MIMO-OFDM VLC system is demonstrated, but it requires an imaging diversity receiver to distinguish signals from different LEDs, which is infeasible for multiuser scenarios.
In this paper, multiuser MIMO-OFDM (MU-MIMO-OFDM) is investigated for indoor VLC systems. Considering the distances of the multiple transmitter-receiver links are different, their temporal delays are also different, resulting in complex channel gain and phase differences when transformed to the frequency domain. The phase difference can not be neglected when wide-band systems are considered, especially for the subcarriers with high frequencies. Therefore, in our proposed scheme, the precoding matrix is calculated for each subcarrier in OFDM to eliminate multiuser interference. Different from state-of-the-art schemes, complex rather than real channel matrices can be used for precoding, which reduces the channel correlation with one more degree of freedom and improves the system performance. Moreover, in order to generate nonnegative signals for transmission, two different DC bias and scaling schemes, namely, minimum DC bias and unified DC bias, are proposed and compared with the scheme using asymmetrically clipped optical OFDM (ACO-OFDM). Our simulations show that the minimum DC bias scheme achieves higher spectral efficiency, while the unified DC bias scheme provides better illumination performance.
The following notations are used throughout this paper. Lowercase letters denote time-domain signals, e.g., x , whereas the corresponding uppercase letters represent frequency-domain signals, e.g., X . Boldface lowercase letters denote vectors, e.g., x, and boldface uppercase letters represent matrices, e.g., X. ðÁÞ Ã is the conjugate operator. ðÁÞ T and ðÁÞ H are the transpose and Hermitian transpose operators for vector or matrix. ðÁÞ y and ðÁÞ À1 are pseudo-inverse and inverse operators for a matrix, respectively. E ðÁÞ denotes the expectation operation.
System Model
An MU-MIMO VLC system is illustrated in Fig. 1 , where a single room is equipped with multiple LED units for illumination, which can cooperate to transmit information for multiple users simultaneously. In this paper, we consider the system with N t LED units at the ceiling. N r users each with a single PD are assumed on the same receiving plane for simplicity, which is between the floor and the ceiling of the room, where we have N t ! N r . In order to eliminate multiuser interference, the transmitted N r Â 1 data vector d is first precoded into an N t Â 1 transmitted vector x. Since VLC systems utilizes intensity modulation, the transmitted vector should be real-valued and nonnegative, and DC bias is added to each LED unit.
The DC gain of the subchannel h DC p;q between the qth LED unit and the pth user is expressed as [12] 
( where p denotes the responsivity coefficient of the PD, d p;q is the distance between the qth LED unit and the pth user, q is the emission angle of the qth LED unit, ' p;q is the incidence angle of the light, and É c;p is the receiver field of view (FOV) of the pth user. Unlike conventional RF channels, the channel matrix H DC ¼ fh DC p;q g N r ÂN t is real-valued and commonly highly correlated when the users are located close [7] . For the pth user, the receiver collection area is denoted as A p , which can be calculated by
where is the concentrator refractive index of the PD, A PD;p is the PD area of the pth user. In (1), Rð p;q Þ denotes the generalized Lambertian radiant intensity given by [12] 
where m is the order of Lambertian emission. At the receiver of each user, the optical signal is directly detected by the corresponding PD, which generates an electric signal proportional to the received optical power. Besides that, shot noise and thermal noise are induced at the receiver, which can be modeled as real-valued additive white Gaussian noise (AWGN) with zero mean, and the variance of the noise at the pth user can be written as [12] 
where e is the electronic charge, amb is the ambient light photocurrent, B is the bandwidth of receiver, and i amp is the preamplifier noise current density. P p is the average received optical power at the pth user collected from all the LED units. 
MU-MIMO-OFDM for VLC System
In existing MU-MIMO VLC systems, single-carrier modulations are utilized with limited bandwidth [8] - [10] . Therefore, precoding is conducted in the time domain and only the DC channel gain in (1) is considered. Since the distances of the multiple transmitter-receiver links are different, their temporal delays are also different, resulting in complex channel gain and phase differences when transformed to the frequency domain. The time-domain channel response from the qth LED unit to the pth user in (1) can be rewritten as
where ðÁÞ denotes the Dirac delta function and c is the speed of light. Correspondingly, the frequency-domain channel response for the k th subcarrier is given by
where B denotes the system bandwidth, and N is the size of fast Fourier transform (FFT). j is the imaginary unit, and j ¼ ffiffiffiffiffiffi ffi À1 p . It can be seen that the phase of the frequency-domain channel gain is proportional to the bandwidth. Moreover, when the temporal delay is considered, the frequency-domain channel response is complex-valued, which provides an extra dimension and reduces the channel correlation with the phase differences of multiple links. However, in order to achieve up to 100 Gbps high data rate transmission [21] - [23] , wide bandwidth optical components are used, and the phase in the complex channel gain can not be neglected anymore. Therefore, MU-MIMO-OFDM scheme is proposed for VLC system and precoding is performed on different frequencies individually.
We consider a MU-MIMO-OFDM VLC system with the bandwidth of B, which is divided into N subcarriers in OFDM frames. For the pth user, the information bit stream is firstly mapped onto the complex-valued symbols D p;k , k ¼ 0; 1; . . . ; N À 1, according to the chosen constellations, such as phase shift keying (PSK) or quadrature amplitude modulation (QAM). Since intensity modulation requires real-valued output, Hermitian symmetry should be imposed on the OFDM subcarriers where we have
. . . ; N=2 À 1, and the subcarriers D p;0 and D p;N=2 are set to zero.
At the transmitter of MU-MIMO-OFDM VLC system, precoding is performed on each subcarrier to eliminate multiuser interference. We denote the precoding weights for the k th ðk ¼ 0; 1; . . . ; N À 1Þ subcarrier as fW p;q;k ; 1 p N r ; 1 q N t g, which can be complex-valued. By adding up all the weighted symbols from N r users at the qth LED unit, the frequency-domain signal can be written as
which is also complex-valued. Afterwards, the frequency-domain signals for the qth LED unit are converted to the time domain by inverse fast Fourier transform (IFFT) as
which are real-valued since the subcarriers satisfy Hermitian symmetry. At the beginning of each time-domain OFDM symbol x q ¼ ½x q;0 ; x q;1 ; . . . ; x q;NÀ1 T , a cyclic prefix (CP) is added to eliminate the inter-symbol interference at the receiver. Since x q;n in (8) may be negative in some points, a DC bias P DC;q needs to be added to the qth transmitter to obtain nonnegative signals for emission, which is called DC-biased optical OFDM (DCO-OFDM).
Precoder Design
At the receiver of the pth user, FFT is performed on the received signals to generate frequency-domain symbols given by
where H T p;k , W p;k , and W l;k are N t Â 1 vectors of channel gain and precoding weights for the k th subcarrier; and Z p;k denotes the equivalent noise on the k th subcarrier. The first term H T p;k W p;k D p;k in (9) denotes the desired signal for the pth user, while the second term P N t l6 ¼p H T l;k W l;k D l;k is the inter-user interference to the pth user, which should be eliminated by precoding.
When all the N r users are considered, we can rewrite (9) in the matrix form as
where
. . . ; R N r ;k T denote the transmitted and received symbol vectors on the k th subcarrier, H k ¼ ½H 1;k ; H 2;k ; . . . ; H N r ;k T and W k ¼ ½W 1;k ; W 2;k ; . . . ; W N r ;k represent the corresponding channel and precoding matrices, Z k is the noise vector on the k th subcarrier.
As we can see in (6), the channel matrices for different subcarriers are different due to temporal delays, their corresponding precoding matrices should be calculated separately. Several precoding schemes have been proposed for MU-MIMO in RF systems [24] , [25] . In particular, we use two well-known techniques to eliminate the inter-user interference, namely, zero forcing and MMSE algorithms.
A simple way to deal with inter-user interference is zero forcing, which eliminates the interference by directly forcing the interference terms to be zeros, i.e., the matrix H k W k is forced to be diagonal as [24] 
where all the elements in L k are positive, and the precoding matrix can be calculated by
Zero forcing is a good precoding approach for high power or low noise scenarios. However, when the channel matrix is ill-conditioned, zero forcing requires a large normalization factor, which will dramatically reduce the received power [25] . Therefore, when the signal-to-noise ratio (SNR) at the receiver is low, zero forcing can not achieve a good performance since noise instead of interference is the dominant impairment of the system.
In linear MMSE precoding, however, the interference at the receivers is not identically zero, which achieves a tradeoff between interference and noise based on which one is the dominant part in the signal-to-interference-plus-noise ratio (SINR) at the receiver. The MMSE-based precoding matrix is given by [25] 
where 2 Z k denotes the variance vector of Z k .
DCO-OFDM-Based MU-MIMO VLC
Since the generated OFDM time-domain signal x q;n by (8) is bipolar, DC bias should be added to each transmitter to obtain non-negative signals for emission, which is denoted as P DC;q for the qth transmitter. The diagram of the proposed system is illustrated in Fig. 2 . According to the central limit theorem, x q;n approximates a Gaussian distribution when N ! 64, and it might have a very large absolute value [15] . Therefore, a DC bias can not necessarily guarantee that all the signals become non-negative and part of the signals should be clipped, leading to undesired clipping distortion. The DC bias for the qth transmitter can be written as [26] "
which is usually denoted in the form of 10 log 10 ð 2 þ 1Þ, dB since it represents the increase in electric power of original OFDM signals, where represents the DC bias ratio. When we use a larger DC bias, there will be less signals clipped, resulting in smaller clipping distortion. However, it is inefficient in terms of power since DC bias does not carry information. There should be a tradeoff between the DC bias and clipping distortion, and we can define a minimum DC bias ratio 0 to avoid clipping distortion [26] .
When precoding is applied at the transmitter, the electric power of the N t transmitters is different, which requires different minimum DC bias. If we employ different minimum DC biases for different LED units, we have
which is denoted as the minimum DC bias scheme, and the emitted optical power of the qth LED unit is given by
where the equality holds since the expectation of x q;n is zero according to (8) .
When the average optical power of all the LED units is constrained to P for illumination requirement, the biased signal should be scaled and the transmitted signal for the qth LED unit is written as
where the scaling factor can be calculated as IEEE Photonics Journal MU-MIMO-OFDM for Visible Light Communication Therefore, the actual DC bias for the qth LED unit is given by
Since it can be seen in (19) that the emitted optical power for the N t LED units is different and it will change when the users move on the receiver plane, which will affect the illumination performance of LEDs. In order to provide data transmission and high quality illumination at the same time, we consider a unified DC bias scheme, where all the LED units use the same DC bias as
However, in order to avoid clipping distortion at all the N t transmitters, this DC bias should satisfy requirement of the transmitter with maximum electric power, and the corresponding scaling factor is given by
Since larger DC biases are utilized for most of the LED units without maximum electric power, the power efficiency of the system is reduced accordingly.
ACO-OFDM-Based MU-MIMO VLC
Alternatively, a power-efficient optical OFDM scheme can be utilized to avoid DC bias, namely, ACO-OFDM [27] . In ACO-OFDM, only the odd subcarriers are modulated to carry useful information, while the even subcarriers are set to zero. In this way, the time-domain signals of ACO-OFDM are antisymmetric, where we have
It has been proved in [27] that the time-domain signals can be clipped at zero without information loss. At the receiver, the symbols on the odd subcarriers can be directly detected by FFT since the clipping distortion only falls on the even subcarriers. However, scaling is still required to fulfill the illumination requirement of P. Since x q;n follows a Gaussian distribution when N ! 64, the optical power of the clipped ACO-OFDM signals x ðcÞ q;n can be given by [17] , [26] 
and the scaling factor for the qth LED unit is calculated by
Since no DC bias is required in ACO-OFDM, it is more power efficient compared with the scheme with DC bias. When the same optical power is given, ACO-OFDM-based scheme can use higher-order modulations to increase the spectral efficiency. However, only the odd subcarriers are unoccupied in ACO-OFDM, which conversely reduces the spectral efficiency by half when the same modulation order are used. Therefore, the disuse of DC bias can not guarantee the improvement of spectral efficiency, which will be demonstrated by simulations.
Simulation Results
The performance of the MU-MIMO-OFDM VLC is validated via simulations with 4 LED units and two users in terms of the aggregate achievable spectral efficiency, which is calculated with all the SINRs at the receiver by P N r p¼1 log 2 ð1 þ SINR p Þ. The simulation parameters are listed in Table 1 . The parameters for LEDs and PDs are chosen from [12] . Since the vertical distance between the ceiling and the receiver plane is 2.15 m, the horizontal distance between the LED and receiver can be as large as 2:15 Á tanð62 Þ m % 4:04 m, which is large enough to cover the entire room. In most occasions, the user can receive information from four LEDs. Even if the user is at the corner of the room, it can still receive information from three LEDs. Two cases of users' locations are considered. In Case 1, the user 1's coordinate is [2.5 2.5 0.85], which is in the center of the room, while user 2's coordinate is [3.2 3.9 0.85]. It is a relatively good scenario since the two users are separated far enough, thus having a uncorrelated channel matrix. In Case 2, the two users' coordinates are [2.05 1.6 0.85] and [2.05 1.4 0.85], which are very close and their corresponding channel matrix is ill-conditioned. Zero forcing and MMSE precoding schemes are used for both cases. The minimum DC bias factor 0 is set to 3 so that less than 0.15% signals would be clipped at the transmitter and the clipping distortion is negligible. Fig. 3 depicts the spectral efficiency of each subcarrier in OFDM with the average emitted optical power P ¼ 1 Watt (0 dBW expressed by decibel Watt), where DCO-OFDM is utilized with minimum DC bias for each transmitter. Since Hermitian symmetry is applied, only the first to 31th subcarriers carry useful information. It can be seen that when the subcarrier index increases, the spectral efficiency improves, especially in Case 2. This is because the subcarrier with higher index has more phase difference, which makes the channel matrix more uncorrelated, and this improvement is more useful for correlated scenario, as in Case 2. Fig. 4 shows the average spectral efficiency with different average emitted optical power, where DCO-OFDM is utilized with minimum DC bias and unified DC bias according to Section 3.2. It can be seen that MMSE outperforms zero forcing in both cases. MMSE achieves more spectral efficiency when the optical power is low and the noise is the dominant part of interference-plusnoise. The performance gain of MMSE becomes larger in Case 2 since its channel matrix is more ill-conditioned. Besides that, the system with minimum DC bias according to (15) and (18) achieves more spectral efficiency than that with unified DC bias according to (19) and (20) since more power are used for data transmission. However, the system with unified DC bias provides better illumination performance.
The performance comparison of ACO-OFDM-based and DCO-OFDM-based schemes is illustrated in Fig. 5 , where DCO-OFDM employs the minimum DC bias for each transmitter and zero TABLE 1 Simulation parameters for VLC system configuration forcing precoding is employed. It can be seen that ACO-OFDM-based schemes outperforms DCO-OFDM-based schemes when the emitted optical power is low for both cases. When the emitted optical power increases and the achievable spectral efficiency is above 6 bits/s/Hz, however, the performance of ACO-OFDM-based scheme is even worse. The reason is, although the disuse of DC bias in ACO-OFDM can improve the power efficiency and thus supporting higher-order modulations with the same optical power, half of the subcarriers are wasted. The benefits provided by power decrease can not make up the loss in spectral efficiency when high-order modulations are used, which matches our analysis in Section 3.3.
Conclusion
In this paper, MU-MIMO-OFDM is studied for VLC systems, which considers the phase differences of channel matrices in the frequency domain induced by the distance differences of the multiple transmitter-receiver links. Different from state-of-the-art MU-MIMO VLC schemes, zero 
